A Mach-Zehnder interferometer made with shallow rib waveguides is studied experimentally and using simulations. The rib-height giving single-mode guidance is found as function of core thickness and polarization. Devices have been made using shallow rib waveguides (5 nm rib height) in silicon nitride. The sensitivity and the limit of detection (LOD) is studied experimentally regarding the length of the sensing window and for two cover media: water with hydrochloric acid (HCl) and polydimethylsiloxane (PDMS). For HCl-solution, which is the standard method for testing Mach-Zehnder interferometers, the measured sensitivity and LOD was 13000π rad/RIU and 1.1 × 10 -7 π RIU, respectively, for a 2 cm long sensing window. This is comparable to the best results reported previously. With PDMS as the cover medium, the temperature of the device was increased in order to measure the sensitivity. This is a new approach that makes it possible to measure the sensitivity with a solid cover medium which has a relatively high temperature coefficient for the refractive index. Measured sensitivity and LOD was 15200π rad/RIU and 1.3 × 10 -7 π RIU, respectively, again for a 2 cm long sensing window. Measured sensitivities agreed with simulations and increased linearly with sensing length as expected. However, the LOD showed a minimum for 2 cm sensing length. This was mainly due to increased noise for 3 cm sensing length, both for HCl-solution and PDMS. With higher sensitivity and similar LOD for PDMS compared to HCl-solution, it is concluded that using the temperature dependence of PDMS is a good alternative for testing Mach-Zehnder interferometers.
INTRODUCTION
Waveguide Mach-Zehnder interferometers are highly sensitive and have been used successfully for a range of applications, e.g. sensing of pressure [1] , gases [2] , volatile organic compounds [3] , DNA/RNA, proteins and other biological molecules [4, 5] . Several sensors can be combined on a single chip, giving a compact, sensitive and stable device [5] . The principle of the sensor is to use waveguides to split the light into two arms that recombine after a certain distance, see Figure 1. One of the arms (the sensing arm) is covered with a sensitive layer capturing the chemically inert species, while the other arm (the reference arm) is covered with a protective cladding. The evanescent field of the sensing arm interacts with the sensitive layer. A local change of refractive index in this region will change the effective refractive index of the guided mode of the sensing arm. When the reference mode and the sensing mode combine, constructive or destructive interference is obtained depending on the phase change. The phase change of the interference signal can be correlated to the concentration of the measurand with prior calibration.
In this article, the sensitivity and limit-of-detection (LOD) is studied and compared using simulations and measurements for water and polydimethylsiloxane (PDMS) as the cover mediums. Adding hydrochloric acid (HCl) to water is the standard method for characterizing waveguide Mach-Zehnder interferometers and the results can be directly compared with the state-of-the-art. A limit of detection of 10 −7 − 10 −8 refractive index units (RIU) have been demonstrated with rib waveguides and with a water-solution as the cover medium [6, 7] . Biological materials will normally be dissolved in water, and the most common cover media for biosensors thus have refractive indices close to that of water. For other types of sensors, e.g. gas sensors, various solids can be used to absorb the measurand and hence give a change in the refractive index of the solid. As an example, PDMS doped with cryptophane-A can be used to detect methane with surface plasmon resonance [8, 9] . PDMS is an organic material with a relatively high thermo-optic coefficient, and consequently gives a high thermal sensitivity for the guided mode [10] . This will normally give unwanted temperature dependency for the sensor. However, in this work the high thermal sensitivity is used to characterize the sensor. A PDMS-layer is deposited on the sensing arm of a Mach-Zehnder interferometer, while the reference arm is covered by silica, which has a significantly smaller thermooptic coefficient. By increasing the temperature of the device, the temperature of the PDMS-layer also increases. As the thermo-optic coefficient of PDMS is known, a controlled change in the refractive index of the PDMS-layer is thus obtained and the sensitivity of the sensor to this change can be measured.
Shallow rib waveguides with a Si 3 N 4 core are suitable for Mach-Zehnder interferometers due to the high refractive index of Si 3 N 4 , good transparency in the visible range and the low propagation losses of the shallow rib structure [11, 12] . To obtain high visibility, the waveguides of the interferometer must be single-mode. We use simulations to determine the geometrical parameters of the waveguide cross-section which result in single-mode waveguides. Comsol Multiphysics, which is based on the finite element method, is used to determine single-mode conditions and to simulate the sensitivity of the sensor to changes in the refractive index of the cladding.
SIMULATIONS
The waveguides used in this work had a guiding core of Si 3 N 4 (n c = 2.00) on a silica layer (2 µm thick, n s = 1.45). The waveguide width was set to 2 µm for the simulations, which can easily be obtained with standard photolithography. Various core thicknesses and rib heights were simulated, as will be shown in the next section. For the cover medium, simulations were done for refractive indices corresponding to water (n = 1.33) and to PDMS (n = 1.412). Figure 1 shows the cross-section of the rib waveguide used in the simulation, and the top-view of three Mach-Zehnder interferometers. A wavelength of 785 nm was used for all the simulations and experiments. Strip waveguides have also been simulated with, by definition, the rib height equal to the core thickness. In order to find the number of modes for the waveguide, and more specifically to find the limit where it becomes single-mode, a 2D mode analysis of the waveguide cross-section was done using Comsol Multiphysics. This mode analysis was also used to find the sensitivity, as explained in the next section. Figure 2 shows examples of the simulated modes for different waveguide widths and polarizations. The evanescent field of a guided mode decreases exponentially away from the waveguide. The single-mode limit was chosen as the point where the evanescent field of the first-order mode ceased to decrease exponentially.
The results obtained with Comsol were compared to simulations performed with Fimmwave (Photon Design, Oxford, UK), which is based on the film mode matching method (FMM) [13] . Using Fimmwave, the single-mode limit was taken as the point where the first-order mode becomes leaky (TE-polarization) or where its loss increases sharply (TMpolarization) when decreasing the rib height [14] .
Geometrical parameters giving
single-mode waveguides Figure 3 shows the maximum rib height which will result in single-mode waveguides, as function of the core thickness. The waveguide width is 2 µm and the single-mode limit is shown for both TE-and TM-polarization and with water and PDMS as cover media. The results obtained with Comsol were confirmed by Fimmwave (not shown). For both polarizations, the differences between the two methods are small and comparable to the resolution of the methods (approximately 1 nm).
For the core thicknesses considered in Figure 3 , the single mode limit is decreasing for TM-polarization and slowly increasing for TE-polarization. As the core thickness decreases towards zero, the guiding of the first-order mode will cease for any rib height. Thus, for decreasing core thickness, the single-mode limit increases. This effect is dominating for TMpolarization in Figure 3 . For fixed rib height and increasing core thickness, the ratio of rib height to core thickness decreases. This will, at some point, give weaker guiding and the single-mode limit will increase with core thickness. This effect causes the slow increase of the single-mode limit for TEpolarization. For a given polarization and core thickness, the single-mode limit is approximately the same for water, Fig To make single-mode rib waveguides, it is necessary to have tight control of the etching of the rib because a rib height of less than 7 nm is required. On the other hand, the width can be relatively large. The width of 2 µm considered in these simulations, is compatible with standard photolithography. By reducing the rib height further, towards 3 nm, waveguides can be made single-mode for a width of 4 µm [15] . For strip waveguides, the core is etched completely down and the control on the etching process is thus relaxed. However, the width has to be significantly smaller and it is thus difficult to make single-mode strip waveguides with standard contact photolithography.
Sensitivity of the sensor
The evanescent field reaches out into the cover medium on top of the waveguide. Any change of the refractive index of the sensitive layer will thus change the effective refractive index of the mode. The sensitivity to this change in refractive index is dictated by the waveguide dimensions and by the choice of materials. Homogeneous sensitivity is defined as the rate of change of the effective refractive index of the guided mode, to the rate of change of the refractive index of a homogeneous cover medium. The homogeneous sensitivity can be expressed as [16, 17] ,
where n is the cover medium refractive index, N is the effective refractive index of the guided mode, P o is the power of the guided mode in the cover medium, and P T is the total power of the guided mode. Here r = 0 for TE-polarization and r = 1 for TM-polarization. Furthermore, the phase sensitivity for homogeneous sensing can be expressed as:
where L is the sensing length, λ o is the wavelength and ∆N ∆n is the homogeneous sensitivity found in Eq. (1). The minimum detectable phase shift, ∆θ min , can be estimated as three times the signal-to-noise ratio, given by the noise, σ, divided by the maximum intensity change, ∆I, of the fringes:
To compare the performance of various sensors, it is most common to use the limit-of-detection (LOD = ∆n min ), which is given by the minimum detectable phase shift divided by the phase sensitivity:
Simulations were done with Comsol Multiphysics to determine the variables in Eq. (1) for various geometrical parameters, to find the corresponding sensitivity. Figure 4 shows the calculated homogeneous sensitivities as function of the core thickness for strip and rib waveguides, with PDMS and water as the cover media. The sensitivity is very dependent on the core thickness and to some degree on the polarization of the guided light. The sensitivity increases as the core thickness decreases, due to less confinement in the waveguide core, which implies more power in the cover medium. For even less core thickness, the sensitivity decreases as the mode approaches cut-off. In general, maximum sensitivity for TE-polarization is obtained with a thinner waveguide than for TM-polarization. The maximum sensitivity is highest for TM-polarization, being 28% higher than for TE-polarization for water as the sensing medium. Likewise, for PDMS as the sensing medium, the sensitivity is 18% higher for TM than for TE-polarization. Regarding water and PDMS as cover medium, the sensitivity is 47% higher for TE and 35% higher for TM for PDMS than for water as the cover medium. This can be explained by PDMS having a refractive index closer to that of the waveguide core. If PDMS is used as the sensing medium, it is thus better to test the sensor with PDMS rather than HCl-solution, as the sensitivity is higher for PDMS.
Strip waveguides give approximately 4-8% higher sensitiv-
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Core thickness (nm) ity compared to rib waveguides. The maximum sensitivity for both polarizations is also shifted towards higher core thicknesses for strip waveguides compared to rib waveguides (180 vs. 150 nm for water and TM-polarization). The sensitivity is thus not significantly dependent on the choice of strip or rib waveguides. We have also found that the sensitivity does not vary much as function of the waveguide width and rib height, and these results are thus not shown. This can be expected from the small change in effective refractive index of the mode relative to these parameters. Changing the wavelength merely gives a shift of the curves (also not shown).
MEASUREMENT OF THE SENSITIVITY OF THE SENSOR
Waveguide Mach-Zehnder interferometers were made with a core thickness of 150 nm, rib height of 5 nm and waveguide widths between 1.5 µm and 3 µm. According to the simulations, see Figure 3 and Figure 4 , these dimensions give single-mode waveguides and maximum sensitivity for TMpolarization. The fabrication was done according to Prieto et al. [15] . First, a silica layer with a thickness of 2 µm was thermally grown on a silicon wafer. The core layer of silicon nitride, Si 3 N 4 , was deposited by low-pressure chemical vapor deposition (LPCVD) at 800 • C and the rib structure of 5 nm was etched by reactive ion etching (RIE). A protective layer was deposited by plasma-enhanced chemical vapor deposition (PECVD) at 300 • C. Sensing windows were opened in the protective layer by RIE and wet etching. These windows were 1, 2 and 3 cm long, 1 µm deep and 50 µm wide.
In this section, the sensitivity is measured with water and then with PDMS as the sensing medium (i.e. cover medium). The refractive index of water is increased by adding hydrochloric acid (HCl) and the refractive index of the solution is measured with a refractometer. Thus, changing the cover medium from pure water to an HCl-solution gives interference fringes. By measuring the number of fringes for solutions with various concentrations of HCl, the sensitivity of the sensor is found. For PDMS, a similar approach is not possible. However, the thermo-optic coefficient of the refractive index is ∆n/∆T = −4.2 × 10 −4 RIU/K for PDMS, compared to ∆n/∆T = 1.28 × 10 −5 RIU/K for silica [18] . Thus, by increasing the temperature of the device, the refractive index of PDMS will decrease and give interference fringes at the output of the interferometer. Note that the reference arm of the interferometer is covered with silica, and it is thus the difference in temperature coefficient between PDMS and silica that gives the interference fringes. Figure 5 shows the experimental setup. Light from a 785 nm diode laser was coupled into the waveguide using beam expanding lenses and a 10x objective lens (NA = 0.30). The low magnification, 10x, was chosen in order to reduce the influence of thermal and mechanical noise on the input coupling. This was particularly important when increasing the temperature of the waveguide chip. The polarization was rotated with a half-wave plate to obtain TM-polarization for highest sensitivity. A microscope with a CCD camera was used to align the input beam with the waveguide and get optimal end-coupling into the waveguide. A second objective lens (40x, NA = 0.65) was used to couple light out from the waveguide and into a photodetector.
For measurements with water as the cover medium, the waveguide chip was enclosed within a microfluidic system connected to an injection port, providing constant feed of water or the diluted HCl. At room temperature, HCI is a colorless gas that is highly soluble in water. Concentrations of 0.03 mol/L to 0.3 mol/L of HCl was added to water. The refractive index of the solution was measured with a refractometer. For example, with a solution of 0.2 mol/L HCI, a change in refractive index of 0.0029 RIU relative to water, was obtained.
Water was pumped continuously at a rate of 0.03 to 0.06 ml/min to the sensing region of the interferometer through the microfluidic system. 5 ml of HCl-solution was injected via an injection port into the flow. Once the injection port was activated, (pure) water was replaced with HClsolution, causing the first series of fringes at the output of the interferometer (see the insets in Figure 6 ). When the volume of HCl-solution was finished, water was pumped back into the system, giving rise to a second series of fringes. After the measurements, the phase was found by counting the fringes, with one fringe equal to 2π.
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Microscope) CCD)camera)connected)to) computer) Posi3on) adjustment)for)) the)microscope) Laser) (785) Figure 6 shows an example of a calibration curve obtained for different concentrations of HCI in water. The sensitivity of phase change to change in refractive index of the cover medium is found by making a linear fit to the measured values. This measurement series for 1 cm sensing length gave a sensitivity of S = ∆θ/∆n = 6552π rad/RIU for water as cover medium.
To measure the sensitivity with PDMS as the cover medium, the waveguide chip was covered with a layer of PDMS using spin-coating (approximately 25 µm thick). A Peltier-element was used to control the temperature, with an aluminium Power (mW) plate on top holding the waveguide chip. A small current was used for the Peltier-element to obtain small temperature changes and avoid oscillations. A thermistor was fixed inside the aluminium plate to precisely measure the temperature changes. Thermal paste was used between the parts to have good thermal conductivity. The temperature and the resulting interference fringes were recorded, as shown in the insets in Figure 7 . By applying increasing currents, and thus increasing temperature steps, the sensitivity was measured. An example of a measurement of sensitivity is shown in Figure 7 for an interferometer with a sensing length of 2 cm.
15020-5
Cover medium: index S(n) or temperature S(T), dP is the mean visibility of the fringes, σ is the noise of the signal, ∆θ min is the minimum phase-change that can be detected and LOD is the limit-of-detection as function of refractive index, LOD(n), or temperature, LOD(T).
This measurement series gave a temperature sensitivity of S = ∆θ/∆T = 6.4π rad/K. The temperature sensitivity is related to the phase sensitivity by:
As previously noted, the thermo-optic coefficient of the refractive index of PDMS is ∆n/∆T = −4.2 × 10 −4 RIU/K [18] . The phase sensitivity S can thus be found from Eq. (5). For PDMS, the phase sensitivity is thus calculated from the measured temperature sensitivity, while for HCl-solution, the phase sensitivity is measured directly by increasing the refractive index of the HCl-solution.
A summary of the results obtained for various sensing lengths is shown in Table 1 for both HCl-solution and PDMS. The sensitivity increased linearly with the length of the sensing window, as expected, and with very good correspondence with the simulation results. This implies that the thermo-optical coefficient used for PDMS is correct. The sensitivity for PDMS is higher than for HCl-solution due to the higher refractive index (1.42 vs. 1.33), as discussed in the simulation part.
As the sensing length increases, propagation losses are expected to reduce the fringe visibility. However, this effect is not clear from the results in Table 1 , indicating that random coupling losses and waveguide defects are more important sources of loss than evenly distributed propagation losses. The noise level increases with sensing length, at least for PDMS. For HCl-solution, the flow cell had a length of 3 cm and was thus as long as the longest sensing window. The positioning of the flow cell relative to the sensing window and flow effects near the edges of the flow cell might have given increased noise for a sensing length of 3 cm. A longer chip with space for a longer flow cell might give lower noise and a lower detection limit for a 3 cm sensing length. For PDMS, noise is increasing with sensing length, indicating that temperature noise increases with length and that the sources of the noise are uniformly distributed. The temperature noise of the Peltier-element was approximately 0.5 mK. Reducing the temperature noise of the regulation system will also reduce the noise for the optical measurement. Due to the higher noise for 3 cm sensing length than for 2 cm, for both HCl-solution and PDMS, the limit-of-detection is lowest for a sensing length of 2 cm, at 1.1 and 1.3 × 10 −7 π RIU, respectively.
As shown in Table 1 , an LOD for temperature of approximately 1 mK corresponds to an LOD for phase of approximately 10 −7 π RIU with PDMS on the sensing arm. Thus it is possible to use the PDMS layer for measuring temperature directly with a limit of detection of approximately 1 mK. If using PDMS as a sensitive layer for gas measurement, the temperature stability will influence the LOD for the gas measurement. If temperature stability is the limiting noise source and PDMS is used on the sensing arm only, a temperature noise of 1 mK will thus give an LOD for phase of 1 × 10 −7 π RIU. It might be possible to improve this if the reference arm is also covered with PDMS and subsequently protected with a layer that stops gas diffusion.
CONCLUSION
The main factors for the sensitivity are the core thickness relative to the wavelength of light, the polarization of the light and the refractive index of the core and cover medium. For shallow rib waveguides and a wavelength of 785 nm, the core thickness giving maximum sensitivity was found to be 80 nm and 150 nm for TE-and TM-polarization, respectively, with water as the cover medium. With PDMS as the cover medium, the corresponding values were 60 and 120 nm.
The sensitivity was found to be approximately 28% higher for TM-polarization than for TE-polarization for water and 18% higher for TM-polarization than for TE-polarization for PDMS. Strip waveguides give 4-8% higher sensitivity than rib waveguides. It is possible to make the shallow rib waveguides with standard contact photolithography, significantly simplifying the fabrication process, and the small reduction of sensitivity is thus justified. The sensitivity is 47% higher for TE and 35% higher for TM for PDMS than for water as the cover medium. This can be explained by PDMS having a refractive index closer to that of the waveguide core. However, in most cases it will be the type of measurand, e.g. biological or chemical, that decides the choice of cover medium, rather than the higher sensitivity for PDMS.
Sensitivity was measured with HCl as the cover medium and a Mach-Zehnder interferometer with 2 µm waveguide width, 5 nm rib height, 150 nm core thickness and 1, 2 and 3 cm sensing lengths. The measured sensitivities agreed well with the simulated values. The lowest limit of detection was found for a sensing length of 2 cm, with LOD = 1.1 × 10 −7 π RIU. This is comparable to the results obtained in the literature [7, 19] . By improving the flow cell and reduce the noise for a sensing length of 3 cm, it may be possible to reduce the limit of detection further.
Water is the normal cover medium for biological sensors. However, for gas sensors, it is more common to have a solid cover medium and a different approach must be used when measuring the sensitivity. In this work, we have covered the sensing arm with PDMS and applied a temperature change to the sensor, which decreases the refractive index of the cover layer. This, in turn, was used to measure the sensitivity with PDMS as a cover medium. The sensitivity was, as expected, higher than for HCl-solution and the limit of detection was almost the same, at 1.3 × 10 −7 π RIU. This demonstrates that PDMS can be used to test waveguide Mach-Zehnder interferometers and it is thus an alternative to testing with HClsolution. We chose to use a low-magnification objective for input coupling (10x), giving a relatively large spot on the endface of the waveguide. This was done in order to reduce noise from the input coupling when increasing the temperature. However, it comes at the expense of reduced coupling. In general, some experimental precautions must be taken when changing the temperature of the chip, as thermal expansion of the mechanical stage can reduce the input coupling.
It is also possible to use the PDMS-layer for temperature measurement, with a limit of detection of approximately 1 mK demonstrated here. If using a PDMS layer for sensing a different measurand, e.g. PDMS doped with cryptophane-A for methane-sensing, the thermal noise must be on the order of 1 mK to obtain a limit of detection of 1 × 10 −7 π RIU, if PDMS is used only on the sensing arm.
